A novel Gram-stain-negative, rod-shaped (0.364-6 mm), non-flagellated, aerobic strain with gliding motility, designated JBKA-6 T , was isolated in 1991 from a yellowtail fish, Seriola quinqueradiata, showing symptoms of bacterial haemolytic jaundice. 16S rRNA gene sequence analysis showed that strain JBKA-6 T was related most closely to members of the family Flavobacteriaceae in the phylum 'Bacteroidetes'. Furthermore, based on gyrB gene sequence analysis, JBKA-6 T was classified into a single clade within the order Flavobacteriales, which was distinct from the known clades of the families Flavobacteriaceae, Blattabacteriaceae and Cryomorphaceae. The predominant isoprenoid quinone was identified as MK-6 (97.9 %), and the major cellular fatty acids (.10 %) were C 14 : 0 and iso-C 15 : 0 .The main polar lipids were phosphatidylethanolamine, three unidentified phospholipids, two unidentified aminophospholipids and two unidentified polar lipids. The DNA G+C content of JBKA-6
Ichthyobacterium seriolicida gen. nov., sp. nov., a member of the phylum 'Bacteroidetes', isolated from yellowtail fish (Seriola quinqueradiata) affected by bacterial haemolytic jaundice, and proposal of a new family, Ichthyobacteriaceae fam. nov. septicaemia in many freshwater fish, especially salmonids (Bernardet & Bowman, 2006) . Tenacibaculum discolor (Piñeiro-Vidal et al., 2008a) , T. gallaicum (Piñeiro-Vidal et al., 2008a) , T. maritimum (Wakabayashi et al., 1986) and T. soleae (Piñeiro-Vidal et al., 2008b) , which belong to the marine clade of Flavobacteriaceae, cause erosion of the mouth, tail and fins, commonly resulting in severe mortality in several commercial marine fish species Piñeiro-Vidal et al., 2008a; Ló pez et al., 2010) . Bacterial haemolytic jaundice was first described in populations of cultured yellowtail (Seriola quinqueradiata) in 1980 in Japan , and is now one of the most important diseases of yellowtail populations. Mortality rates of 5-20 % are commonly observed in infected cultured yellowtail ). An unidentified long, rod-shaped, Gram-stain-negative bacterial strain, designated JBKA-6 T , was isolated from jaundiced yellowtail in 1991 Maeno et al., 1995) , and the disease was experimentally reproduced when cultured T was injected intravenously into yellowtail . However, taxonomic studies of this pathogen are limited. In the present study, this novel fish pathogen was further characterized using a polyphasic taxonomic approach.
Strain T was isolated from a blood sample from a jaundiced cultured yellowtail in Aji-cho, Kagawa Prefecture, Japan, in October 1991. The blood sample was drawn aseptically by heart puncture and inoculated into Leibovitz's L-15 (L-15) medium (Gibco/Invitrogen) supplemented with 10 % fetal bovine serum (FBS), and incubated at 25 8C for 2 weeks . The blood sample from the diseased fish contained the bacterium as well as host cells (i.e. erythrocytes and leukocytes); however, no growth of the host cells was observed in the medium, and strain JBKA-6 T did not require host cells for growth. Two further bacterial strains were isolated from jaundiced yellowtails using the same experimental procedure. Strain FPC 1133 was isolated in Ine, Kyoto Prefecture, Japan, in December 2011, while strain Oit 013821 was isolated in Saiki, Oita Prefecture, Japan, in November 2001. These strains were also analysed in this study. Liquid L-15 medium was the sole medium used for culturing this bacterium. No stable growth was observed in other culture media supplemented with 10 % FBS, including brain heart infusion broth, Cytophaga medium in 70 % seawater, Eagle's minimum essential medium, marine broth 2216, 0.85 % NaCl solution, 1/ 3 seawater, and 1/3 seawater with 0.5 % (w/v) peptone, tryptone, yeast extract or Lab-Lemco powder (Iida & Sorimachi, 1994) . Even when prepared from L-15 medium, strain JBKA-6 T was not able to grow on agar or gelatin plates (data not shown). Because of this inability to grow on solid medium, a single bacterial cell from each of the strains was cloned using the limiting dilution method. The strains were routinely cultured in L-15 medium supplemented with 10 % FBS and 1.6 % (w/v) NaCl for 5-7 days under aerobic conditions (26 8C). Cultures were stored at 280 8C in L-15 medium without cryoprotectant.
Gram staining was performed using a commercially available kit (Favour-G; Nissui Pharmacological). Cell morphology was first observed under a light microscope (BX51; Olympus). Next, cells were mounted on Formvarcoated copper grids and negatively stained with 1 % uranyl acetate, and then observed with a JEM-1010 transmission electron microscope (JEOL). To produce ultrathin sections, cells were fixed with 2 % paraformaldehyde, 2 % glutaraldehyde in cacodylate buffer (pH 7.4) and 2 % osmium tetroxide. The fixed cells were then dehydrated using an ethanol series and embedded in epoxy resin (Quetol 812; Nissin EM). Ultrathin sections (70 nm) were cut and stained with 2 % uranyl acetate and lead citrate, and then examined with a JEM-1200EX transmission electron microscope (JEOL). Live cells of strain JBKA-6
T were labelled using a LIVE/DEAD BacLight Bacterial Viability kit (Invitrogen), and their motility was observed under a fluorescence microscope (BX51).
Genomic DNA was extracted from each of the strains using an Illustra Bacteria genomicPrep Mini Spin kit (GE Healthcare). Cells were collected for genomic DNA extraction by centrifugation (4000 g for 10 min). For phylogenetic analyses, large fragments of the 16S rRNA and gyrB genes of strains JBKA-6 T , FPC 1133 and Oit 013821 were amplified by PCR. The universal primers EubB (59-AGAGTTTGATC-MTGGCTCAG-39) and EubA (59-AAGGAGGTGATCCA-NCCRCA-39) were used to amplify the 16S rRNA region as described previously (Lane, 1991) . The resulting amplicons (1,521 bp) were sequenced using an ABI 3130xl Genetic Analyzer (Applied Biosystems). The closest relatives of these strains were identified and pairwise 16S rRNA gene sequence similarities were calculated using the EzTaxon database (Chun et al., 2007) . Based on this analysis, the type species Aquimarina muelleri KCTC 12285 T and T. maritimum ATCC 43398
T were identified as the bacterial species most closely related to our novel strains, and were used in further phenotypic analyses. For gyrB analysis, the primers GYRB2-2F (59-GATAAYTCHRTWGAYGARGCHHT-39) and GYRB2-1R (59-TCCCAWARYTGBTCNGCRTTCATY-TCHCCHARWCCYTT-39) were designed from conserved nucleotide sequences of the genes in related species, including A. muelleri (GenBank accession number NZ_AUML 01000042), Blattabacterium sp. (AP012548), Cellulophaga lytica (CP009239), Crocinitomix catalasitica (NZ_JHXV 01000010), Fluviicola taffensis (CP002542), Nonlabens dokdonensis (CP001397) and Owenweeksia hongkongensis (CP003156). The partial gyrB amplicons (1649 bp) were sequenced as described above. The full-length gyrB gene sequences (1950 bp) were then determined by primer walking with the genomic DNA templates. The 16S rRNA and gyrB nucleotide sequences from the novel strains and related species were aligned using CLUSTAL W (Thompson et al., 1994) . Phylogenetic trees were then reconstructed using the maximum-likelihood algorithm with 1000 resamplings using MEGA 5.0 (Tamura et al., 2011) .
The optimum growth conditions for strain JBKA-6 T , including pH, FBS concentration and NaCl concentration, were reported by Iida & Sorimachi (1994) . Growth of strains JBKA-6 T , FPC 1133 and Oit 013821 under anaerobic conditions in L-15 medium was determined using the GasPak EZ Anaerobe Pouch System (Mitsubishi Gas Chemical Company) following incubation for 1 week at 26 8C. Catalase activity of the three isolates was determined by bubble formation in a hydrogen peroxide solution, and oxidase activity was determined using commercial cytochrome oxidase test paper (Eiken Chemical). Growth curves were also generated for the three isolates under aerobic conditions in L-15 medium at 26 8C. Aliquots (50 ml) of early stationary phase culture of strains JBKA-6 T , FPC 1133 and Oit 013821 were inoculated into 5 ml of fresh L-15 medium. Aliquots (50 ml) of cultures of the two reference strains at turbidities corresponding to a 0.5 McFarland standard were also individually inoculated into 5 ml of fresh L-15 medium. Bacterial growth was then recorded at 1 h intervals by reading the optical density at 660 nm (OD 660 ) using an automated biophotorecorder (TVS062CA; Advantec Toyo). Temperature ranges for growth of the three new isolates and the two reference strains in L-15 medium were determined from microscopic examination and optical density readings after 5 days of cultivation in a temperature gradient incubator (model TN-3; Toyo Kagaku Sangyo). Growth of strain JBKA-6 T in media containing different carbon sources was also examined. Fructose, galactose, glucose, lactose, maltose, mannose or sucrose were added to L-15 medium prepared without carbon source (Cell Science and Technology Institute) at a final concentration of 5 mM, and then supplemented with 10 % FBS and 1.6 % (w/v) NaCl. A 50 ml aliquot of cultured strain JBKA-6 T was inoculated into 10 ml of each modified L-15 medium and incubated at 26 8C. OD 660 readings were taken at 5 days post-inoculation. MIC values for ampicillin, chloramphenicol, fosfomycin, kanamycin, oxolinic acid, oxytetracycline, sulfamonomethoxine and trimethoprim were determined for both the novel and the reference strains using a broth microdilution susceptibility test, with some modifications, as outlined by the CLSI (2013). MIC values under optimal growth conditions were determined in L-15 medium. The novel strains were incubated for 7 days at 26 8C prior to determination of MIC values, while the reference strains were incubated for 48 h at 26 8C. MICs were also determined for the quality control strains Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 29213 in L-15 medium after 24 h of incubation at 37 8C. The MIC was defined as the lowest concentration of an antimicrobial that macroscopically inhibited growth.
The isoprenoid quinone composition, fatty acid composition and major polar lipids were determined from early stationary-phase cultures (120 h post-inoculation at 26 8C for the novel isolates and 48 h post-inoculation at 26 8C for the reference strains) of strains JBKA-6 T , FPC 1133 and Oit 013821, and the reference strains. Bacterial cells cultured in L-15 medium were collected by centrifugation at 4000 g, and then washed twice with sterile 2 % NaCl prior to each analysis. The isoprenoid quinones were extracted from freeze-dried bacterial cells as described previously (Nishijima et al., 1997) , and the samples were analysed using a Waters 600 series HPLC system (Waters). Fatty acid compositions were determined using the Sherlock Microbial Identification System version 6.0 (MIDI), according to the manufacturer's instructions. Polar lipids were profiled using the procedure described by Komagata & Suzuki (1987) . The crude polar lipids were separated twice on silica gel 60 TLC plates (20620 cm; Partisil K6; Whatman) with two solvent systems: chloroform/methanol/water (65 : 25 : 4, v/v) for the first dimension, and chloroform/acetic acid/methanol/ water (40 : 7.5 : 6 : 2, v/v) for the second dimension, and then detected by spraying the plate with the appropriate reagents. To determine the DNA base composition, genomic DNA from the novel strains was extracted and purified using a modified version of the method of Marmur (1961) , and the DNA base compositions were determined using a Shimadzu HPLC LC-10 (Kyoto) according to the method described by Katayama-Fujimura et al. (1984) .
Cells of all three novel strains were Gram-stain-negative. Electron micrographs of strain JBKA-6 T revealed simple bacterial cells (0.364-6 mm) without flagella or pili (Fig.  S1 , available in the online Supplementary Material). Strain JBKA-6 T showed gliding motility over the surface of a slide glass (Movie S1). Certain members of the family Flavobacteriaceae produce light to bright yellow or orange pigments, which belong to the carotenoid or flexirubin group, depending on the genus (Bernardet & Nakagawa, 2006) . However, strain JBKA-6 T appears to be non-pigmented because a colourless bacterial pellet was observed following culture under optimal conditions (data not shown).
Strain JBKA-6 T grew only under aerobic conditions. The novel strains were negative for catalase (Table 1) and positive for oxidase activity. Growth occurred at 18-28 8C (Table 1) , but was slow at 18-22 8C compared with the growth rate at the optimal temperature of 26 8C, and this observation is reasonably consistent with the previous report (Iida & Sorimachi, 1994) . Even at the optimal temperature, growth rates were much lower than those of A. muelleri KCTC 12285 T and T. maritimum ATCC 43398 T . The approximate time required to reach stationary phase by the novel strains in L-15 medium at 26 8C ranged from 73 to 125 h, whereas A. muelleri KCTC 12285 T and T. maritimum ATCC 43398
T reached stationary phase at 53 and 47 h post-inoculation, respectively. Furthermore, the OD 660 values of the cultures of the novel strains in stationary phase were 0.1-0.2, whereas those of A. muelleri KCTC 12285 T and T. maritimum ATCC 43398 T were 2.0 and 1.6, respectively. Growth of strain JBKA-6 T did not differ significantly between L-15 medium devoid of carbon source and L-15 media supplemented with different carbon sources (data not shown). This result suggested that the carbon source(s) derived from FBS is sufficient for growth of strain JBKA-6 T . The three novel strains were susceptible to ampicillin (0.125 mg ml 21 ), chloramphenicol (1-2 mg ml 21 ), oxolinic acid (0. ). These results are consistent with a previous report by . The resistance of the novel strains to sulfamonomethoxine was in contrast to the relative susceptibility to this antibiotic demonstrated by A. muelleri KCTC 12285 T (0.5 mg ml
21
) and T. maritimum ATCC 43398 T (8 mg ml 21 ) ( Table S1 ).
The three novel strains contained MK-6 as the predominant isoprenoid quinone (95.1-97.9 %), and MK-7 was detected as a minor component (2.1-4.9 %). The predominant fatty acids (.10 %) of the novel strains were C 14 : 0 (13.4-20.5 %) and iso-C 15 : 0 (56.5-68.7 %) ( Table 2 ). The polar lipid profile of strain JBKA-6 T is shown in Fig.  S2 . The G+C content of the genomic DNA of the novel strains ranged from 32.7 to 33.4 mol%.
In summary, this novel fish pathogen shared characteristics with bacteria belonging to the family Flavobacteriaceae, including cellular morphology, major isoprenoid quinone and low DNA G+C content. However, in comparison with closely related species, strain JBKA-6 T differs notably in its lack of pigmentation, polar lipid profile, fatty acid profile, growth capacity and susceptibility to antimicrobials. Comparison of the 16S rRNA gene sequence of strain JBKA-6 T (AB713897) with those of other bacterial genera revealed that it shared the highest degree of sequence similarity with bacteria belonging to the family Flavobacteriaceae, such as the genera Aquimarina (,86.6 %) and Tenacibaculum (,86.4 %), followed by Lutibacter (,86.0 %), Salinimicrobium (,86.0 %), Nonlabens (,86.0 %), Polaribacter (,85.9 %) and Aestuariicola (84.6 %). On the other hand, phylogenetic analysis of 16S rRNA gene sequences revealed that the clade formed by the three new isolates was distinct from the clade containing the type species of the family Flavobacteriaceae (Fig. 1) . Moreover, based on gyrB gene sequences, the novel strains were distinct from other families within the order Flavobacteriales, i.e. the families Flavobacteriaceae, Blattabacteriaceae and Cryomorphaceae (Fig. S3) . Given the significant physiological differences from the most closely related species and the phylogenetic dissimilarity with known Flavobacteriales bacteria, we concluded that strain JBKA-6 T represents a novel species of a new genus of a novel family within the order Flavobacteriales, class Flavobacteriia, phylum 'Bacteroidetes'. We propose the name Ichthyobacterium seriolicida gen. nov., sp. nov., because it is lethally pathogenic for yellowtail, Seriola quinqueradiata. We also propose a new family, Ichthyobacteriaceae fam. nov., which is composed of the newly described genus Ichthyobacterium.
Description of the genus Ichthyobacterium gen. nov.
Ichthyobacterium (Ich.thy.o.bac.te9ri.um. Gr. n. ichthys fish; L. neut. n. bacterium rod or staff; N.L. neut. n. Ichthyobacterium fish bacterium, because the organism was first isolated from a fish).
Cells are Gram-stain-negative, aerobic, non-pigmented, long, curved rods that occur as single cells. Cells show gliding motility but have no pili or flagella and do not form spores. The major isoprenoid quinone is MK-6. The DNA G+C content of the type strain of the type species is 33.4 mol%. The major cellular fatty acids are C 14 : 0 and iso-C 15 : 0 . The type species is Ichthyobacterium seriolicida.
Description of Ichthyobacterium seriolicida sp. nov.
Ichthyobacterium seriolicida (se.ri.o.li9ci.da. N.L. n. Seriola generic name of the yellowtail; L. suffix cida from L. v. caedo to kill; N.L. n. seriolicida yellowtail killer).
Exhibits the following properties, in addition to those given in the genus description: cells are approximately 4-6 mm in length and 0.3 mm in diameter. Cells do not produce pigment. Growth occurs only in L-15 medium supplemented with FBS, with higher FBS concentrations up to 20 % yielding better growth. Does not grow on solid media. Growth occurs at 18-28 uC, and optimally at 26 uC. The optimum pH for growth is 7.0-7.5. Susceptible to ampicillin, chloramphenicol, oxolinic acid and oxytetracycline, but resistant to fosfomycin, kanamycin and sulfamonomethoxine. The optimal NaCl concentration is 1.6 % (w/v). The major and minor isoprenoid quinones are MK-6 and MK-7, respectively. The major cellular fatty acids (w10 % of the total fatty acids) are C 14 : 0 and iso-C 15 : 0 . The main polar lipids are phosphatidylethanolamine, three unidentified phospholipids, two unidentified aminophospholipids and two unidentified polar lipids. The DNA G+C content is 32.7-33.4 mol%. The organism is a pathogen of the yellowtail, Seriola quinqueradiata.
The type strain, JBKA-6 T (5ATCC BAA-2465 T 5JCM 18228 T ), was isolated from a farmed yellowtail in Aji-cho, Kagawa Prefecture, on the eastern side of Shikoku Island, Japan. FPC 1133 and Oit 013821 are additional strains of the species.
Description of Ichthyobacteriaceae fam. nov.
(Ich.thy.o.bac.te.ri.a9ce.ae. N.L. neut. n. Ichthyobacterium type genus of the family; suff. -aceae ending to denote a family; N.L. fem. pl. n. Ichthyobacteriaceae the family of the genus Ichthyobacterium).
The delineation of the family is determined primarily from the phylogenetic position based on 16S rRNA and gyrB gene sequences. The family is a member of the phylum 'Bacteroidetes', class Flavobacteriia, order Flavobacteriales. The type genus of the family is Ichthyobacterium. The detailed description of the family Ichthyobacteriaceae is the same as that given for the genus Ichthyobacterium. Ichthyobacterium seriolicida is the sole recognized species in this family.
